I. INTRODUCTION
In recent years, the iron-steel industry has become a gradually expanding sector in most countries. Electric arc furnaces, with their high melting capacities and low production costs, are commonly used for melting metals in the iron-steel industry [1] .
While having many economical advantages, EAFs also have many disadvantages because of PQ problems on the systems they are connected to. PQ problems such as harmonics, voltage unbalances, flicker can be noted as PQ problems caused by EAFs. PQ problems caused by EAF loads have been an important study subject for many researchers [2] - [6] . The main factor for EAFs causing power quality problems is the nonlinear characteristics and the time varying characteristics of the electric arc furnace loads [7] . To be able to define PQ problems caused by EAF loads the nonlinear stochastic structure of EAF loads and dynamic working characteristics should be understood well. It is hard to define the stochastic structure of EAF loads having rapid changes. For this reason, the main issue for examining PQ problems of EAFs is modelling the electrical arc. There are many methods used for modelling the electrical arc. While some researchers used differential equations based on time domain methods to define the stochastic structure of the EAF [8] - [11] , some of them utilized nonlinear differential equations [12] - [13] . In addition to these studies, many methods such as electrical arc current-voltage characteristic (V-I) [14] - [17] , linearizing methods [18] - [20] and frequency response analysis have been introduced by researchers in order to define EAF load behaviour and the working characteristics of EAF load have been tried to be determined with mathematical statements.
In this study, PQ measurements at Sivas Iron and Steel Incorporated Company (SIDEMIR) operating with 60 MVA EAF have been realized by HIOKI 3197 PQ analyser. In electrical measurements, transient states of current and voltage have been recorded with 12 cycles and 1024 Hz sampling frequency and using this data the characteristic changes of current and voltage of the electric arc have been defined. A mathematical characteristic equation has been defined by using the data related to the electrical arc current and voltage characteristic and curve fitting methods with the help of Matlab curve fitting toolbox. Also by using the presented model and a phase equivalent circuit model the harmonic distortions have been compared to experimental data and the performance of the model in defining harmonic effects has been evaluated.
II. SINGLE-PHASE EQUIVALENT CIRCUIT OF THE SYSTEM FEEDING THE ARC FURNACE
The single-line diagram of the electrical system feeding the 60 MVA EAF in Sivas Iron and Steel plant is shown in Fig. 1 . Given its single-line diagram, the electrical system's single-phase equivalent circuit model has been calculated with calculation acceptations stated in [21] - [24] and with the help of the parameters shown in Table I 
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III. EXPERIMENTAL MEASUREMENT OF EAF-60 LOAD
As shown in Fig. 1 , HIOKI 3197 power quality analyser was connected to the secondary measurement cell of the Tr-1 transformer as three phases and current and voltage changes at different operational processes of the EAF were recorded with 12 cycles and at 1024 Hz resolution according to the IEC 61000-4-30 standard [25] .
A. Experimental Measurement
HIOKI 3197 power analyser was connected to the secondary busbar of the Tr-1 transformer and current and voltage fluctuations were recorded with 12 cycles and at 1024 Hz resolution according to four different operational status occurred at the melting process of the EAF as charging(C), Boring (B), Melting (M) and refining(R) phases. Compensation and filter groups were not disabled during the measurements. Current and voltage values of each phase were calculated using the current parameters shown in Table I . In order to define EAF's dynamic characteristics, current and voltage fluctuations at the melting process were used. 12-cycle waveforms of current and voltage obtained by experimental measurements are respectively shown in Fig. 3 and Fig. 4 . Also, active power change of the A phase of the EAF is shown in Fig. 5 . Utilizing this power curve, Pmax is assumed about 14 MW.
Using the obtained experimental data's and single phase equivalent circuit parameters, the current and voltage values of the electrical arc were calculated for 719-volt reference voltage. 
The current voltage characteristic of the electric arc for EAF-60, measured of 12 periods real time, is shown in Fig. 6 . To be able to model the electric arc using this characteristic and Matlab Curve Fitting toolbox, the real measurement values obtained in Area 1 and Area 2 and fitted curves are graphically shown respectively in Fig. 7 and Fig. 8 . As shown in Fig. 7 and Fig. 8 , the rise of the current can be modelled as a 9th degree polynomial equation and the drop can be modelled as a 3rd degree polynomial equation.
V. MODELLING OF THE ELECTRICAL ARC AND SIMULATION RESULTS
Single-phase equivalent circuit model of the system feeding the EAF shown in Fig. 2 has been modelled with Matlab/Simulink and the EAF load model, used for modelling of the electric arc, has been formed with the nonlinear impedance model shown in Fig. 9 . In this model, the R Load value has been measured as 14 MW out of the power curves obtained by HIOKI 3197 power analyser according to Fig. 5 . The transfer function has been formed using controlled current source (Fig. 10 ) and function block. Here the mathematical expression of the Fcn function block is as in (2) .
In this expression, V and i are the instantaneous values of the current, I0 is the reference current to determine the maximum voltage value and Vat is the threshold voltage. α is an exponential used to define nonlinear characteristic and it is used as α = 15 in this study. In the model, choosing I0 = 60 kA and Vat = 120 V the simulation analysis has been realized and the dynamic V-I characteristic of the obtained electric arc has been shown in Fig. 11 . to determine the value of the current obtained in the measurement results. Maximum arc current can be fixed with these transfer function and the current value can be adjusted for different furnace transformer tap with the aid of these transfer function. This characteristic curve shows that 9th degree polynomial curve, obtained at current rise, can be modelled using proper parameters at the block structure shown in Fig. 6 . Thus, the dynamic characteristic of the electrical arc can be defined. Accepting the drop of the current as an exponential function instead of 3rd degree function, the modelling of the electrical arc can be simplified. The dynamic current and voltage variation, obtained by the simulation, is graphically shown in Fig. 12 .
In order to define the flicker effect caused by the electrical arc, the simulation results obtained by using the random flicker model presented in [16] , [27] and the comparison of the data measured real timely are shown in Fig. 13, Fig. 14 .
As shown in Fig. 13 , when the dynamic characteristic of the electrical arc by flicker effect is observed it is seen that the drop curve of the current shows a change similar to 3rd degree polynomial statement. In Fig. 14 it is shown that, real-time measured arc voltage shows similarity with the arc voltage obtained by flicker effect by using simulation, and this model can be used to define the arc voltage. The harmonic values on the transmission system caused by the arc characteristic of the simulation model and real timely measured harmonic voltage distortion values are shown in Table III . As shown in Table III , the applied simulation model also can be used for the determining of voltage harmonic distortion occurring on the electrical transmission system.
VI. CONCLUSIONS
In this study, in order to define the dynamic V-I characteristic of the electrical arc, a simulation model has been developed by utilizing experimental studies and employing curve fitting methods with Matlab. In curve fitting, according to the electrical V-I characteristic, it is shown that the rise of the current can be defined as a 9th degree polynomial statement and the drop can be defined as a 3rd degree polynomial statement. But the random flicker effect used to define dynamic characteristical behavior of the electrical arc, is quite hard and complex to be applied with polynominal equations. So, using the parameters obtained from the fitted curves of the nonlinear impedance model is formed by Matlab Simulink. It has been shown that instead of solving polynomial equations, polynomial curves can be defined with the help of a transfer and an exponential functions defining the current voltage relation. Flicker effect can be easily used with the applied simulation model. This applied model can also be used for defining voltage harmonic effects and power quality problems of the EAF load. Also, arc models can be defined for arc furnaces of different voltage taps, the parallel load used in the designed nonlinear resistor model and changing the parameters of block used in the transfer function.
